The needs of the body can direct behavioral and neural processing toward motivationally relevant sensory cues. For example, human imaging studies have consistently found specific cortical areas with biased responses to food-associated visual cues in hungry subjects, but not in sated subjects. To obtain a cellular-level understanding of these hunger-dependent cortical response biases, we performed chronic two-photon calcium imaging in postrhinal association cortex (POR) and primary visual cortex (V1) of behaving mice. As in humans, neurons in mouse POR, but not V1, exhibited biases toward food-associated cues that were abolished by satiety. This emergent bias was mirrored by the innervation pattern of amygdalo-cortical feedback axons. Strikingly, these axons exhibited even stronger food cue biases and sensitivity to hunger state and trial history. These findings highlight a direct pathway by which the lateral amygdala may contribute to statedependent cortical processing of motivationally relevant sensory cues.
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In Brief
Burgess, Ramesh, and colleagues demonstrate a hunger-dependent response bias toward food-associated visual cues in mouse postrhinal cortex, but not primary visual cortex. Chronic axonal calcium imaging and circuit mapping implicate lateral amygdala afferents in biasing postrhinal processing toward motivationally relevant cues.
INTRODUCTION
Our understanding of the neural mechanisms underlying sensory attention has benefited from experiments involving explicit instructions to focus on particular sensory cues (Posner, 1980 ). Yet, in practice, it is the changing needs of the body that often guide our attention to motivationally relevant stimuli. For example, humans attend more to food cues during hungry versus sated states (Higgs et al., 2012) . Accordingly, a large number of human neuroimaging studies consistently demonstrate hunger-dependent enhancement of neural responses to visual food cues versus non-food cues in temporal association cortex, but not in early visual cortex (Cornier et al., 2007; LaBar et al., 2001 ). Interestingly, these neural biases toward food cues are exaggerated in obese subjects (Yokum et al., 2011) , even in the absence of caloric deficits, and their magnitude can predict future clinical outcomes, including weight gain (Cornier et al., 2013; Sun et al., 2015) . While these and other human imaging studies highlight the importance of understanding the neural biases elicited by basic need states, little is known about the cellular-level cortical and subcortical processes underlying motivational biases in sensory processing.
The lateral amygdala (LA) and basolateral amygdala (BLA) have established roles in forming cue-outcome associations and updating the perceived value of environmental stimuli (Baxter and Murray, 2002; LeDoux, 2003; Morrison and Salzman, 2010; Paton et al., 2006) . Specifically, lesions of the LA/BLA prevent learning and identification of motivationally relevant stimuli (Blair et al., 2005; Holland and Gallagher, 2003) . Intermingled BLA neurons have been shown to encode either the positive or negative value of learned visual cues (Baxter and Murray, 2002; Morrison and Salzman, 2010; Paton et al., 2006) and to encode stimulus value at the time of decision making (Jenison et al., 2011) . Amygdaladependent assignment of value depends, at least in part, on the motivational state of the animal, as demonstrated by reinforcerdevaluation experiments (Hatfield et al., 1996; Johnson et al., 2009) . Paired recordings in BLA and temporal cortex suggest that amygdalo-cortical connectivity may enhance the flow of salient sensory information (Paz et al., 2006) , and behavioral experiments suggest the importance of amygdalo-cortical connectivity in palatability estimation (Fontanini et al., 2009 ) and other behaviors (Sparta et al., 2014) . In addition, the aforementioned neuroimaging studies consistently identify the LA/BLA as part of the network involved in hunger-dependent enhancement of responses to food cues (LaBar et al., 2001; Sun et al., 2015) . Studies across multiple species have shown that the LA/BLA send glutamatergic feedback projections to temporal cortical areas (Pitkä -nen et al., 2000) . However, the nature of state-dependent information relayed by these direct projections versus indirect pathways to cortex remains unclear. We hypothesized that direct amygdalo-cortical afferents would show pronounced hunger-dependent response biases to food cues and that cortical neuron biases would co-vary with the density of amygdalo-cortical afferent input.
To overcome obstacles involving repeated monitoring of cellular responses across slowly changing motivational states, we used two-photon calcium imaging to record the activity of hundreds of individual neurons or long-range amygdalocortical axons across hours and days and across states of hunger and satiety. We investigated hunger-dependent sensory processing in mice performing a Go/NoGo task involving discrimination of food-predicting cues from other visual cues, while imaging neurons in either primary visual cortex (V1), postrhinal cortex (POR, a rodent homolog of human parahippocampal gyrus and part of temporal association cortex; Beaudin et al., 2013) , or long-range feedback axons from LA to POR (LA /POR ). While a subset of neurons in V1 did demonstrate state-dependent modulation of neural activity, a popula- The task consists of three square-wave gratings drifting in different directions. The cues are presented for 2 s, followed by a 2 s response window. If mice respond with a lick following offset of (1) the food cue (FC), they receive Ensure, (2) the quinine cue (QC), they receive quinine, and (3) 
RESULTS

Robust Discrimination of Food Cues from Other Visual Cues in Head-Fixed Mice
We trained food-restricted (FR) mice ($85% of free-feeding weight) in a Go/NoGo orientation discrimination task ( Figures  1A-1C) . Following several sessions of habituation to head-fixation and placement on a rotating trackball, we presented visual cues (square-wave drifting gratings) on an LCD monitor for 2 s, followed by a 2 s response window and a 6 s inter-trial interval. Mice were trained to discriminate between a food cue (FC; 0 ), a quinine cue (QC; 270 ), and a neutral cue (NC; 135 ). Licking during the response window following the FC, QC, or NC resulted in delivery of high-calorie liquid food (5 mL of Ensure), an aversive bitter solution (5 mL of 0.1 mM quinine), or nothing, respectively ( Figure 1C ). Mice typically learned this task in $2-3 weeks and maintained consistently high performance (> 85% hit rate; Figure 1D ; Figures S1B and S1C) across tens of sessions ($800 trials/session), facilitating comparison of cue-evoked neural responses across days and across mice.
Food Cue Responses of V1 and POR Neurons in Behaving Mice
We used two-photon calcium imaging to record visual responses of neurons in layer 2/3 of either primary visual cortex (V1) or postrhinal association cortex (POR). Following cranial window implantation, we localized monocular regions of awake mouse V1 or POR using retinotopic stimulation and widefield imaging of intrinsic autofluorescence and targeted these regions with injections of AAV-hSyn-GCaMP6f (Andermann et al., 2011; Chen et al., 2013; Garrett et al., 2014) . We confirmed our injection location via two-photon calcium imaging ( Figure 1E ). Despite the overlap in axonal inputs to POR from retinotopically distinct regions of V1 (Wang and Burkhalter, 2007) , retinotopic organization of POR at cellular resolution was quite sharp. POR was the most lateral retinotopically defined visual area we could observe. As a first step, we mapped visual responses in POR of naive, untrained, awake mice (n = 4 mice, n = 14 fieldsof-view, n = 1,049 neurons), and found that many POR neurons were visually responsive and demonstrated sharp orientation tuning ( Figures S2A and S2B) .
We then obtained simultaneous recordings of cue-evoked responses across multiple sessions of discrimination behavior from neurons in V1 and POR of well-trained mice (V1: n = 4 mice, n = 372 neurons, n = 3-8 sessions/field-of-view [FOV] , 31 sessions total; POR: n = 4 mice, n = 317 neurons, n = 4-12 sessions/FOV, 34 sessions total). Individual neurons in both areas showed robust responses to at least one visual cue (see Figures 2A-2C and S3A for example neurons in POR and V1, respectively). Neurons were deemed visually responsive if they had a significant response (see Supplemental Experimental Procedures) during one or more visual cues. To minimize possible contributions of lick-related activity, we assessed responsivity using data up to 100 ms prior to the first lick in each trial (Figure 2C ; median time to first lick: 1.8 s post cue onset). Using these conservative criteria, similar fractions of V1 neurons and POR neurons showed significant responses to presentation of at least one of the three visual cues (V1: 27%, 102/372; POR: 33%, 105/317; see Figures 2D and 2E ). Response time courses of all visually driven neurons to all three visual cues are shown in Figure 2D .
We found a strong bias toward food cue-preferring neurons in POR of well-trained, FR mice, but not in naive mice. In welltrained mice, more than twice as many visually responsive POR neurons preferred the FC as compared to the QC and the NC ( Figure 2E : 25%, Tukey's HSD). This suggests that the FC bias in trained mice is due to the higher incentive salience of food cues after learning.
In V1 of trained mice, no significant difference was evident between the FC and QC. However, approximately half as many neurons responded to the NC as to the FC or QC ( Figure 2E ; V1 p < 0.05 FC/QC versus NC; FC: 40%; QC: 38%; NC: 22%; Tukey's HSD), likely due to the fact that in untrained mice, fewer V1 neurons are responsive to the oblique orientation of the NC (135 ) versus the cardinal orientation of the FC (0 ; Roth et al., 2012) .
To assess population-level neural response biases, we normalized the response tuning curve of each visually responsive neuron (cue-normalized DF/F) and then averaged across all cells. We observed an emergent bias in the population response toward the food cue in POR ( Figure 2F ; POR: FC versus QC: p < 0.001; FC versus NC: p < 0.001; QC versus NC: p = 0.9; V1: all p values > 0.05, two-way ANOVA with Tukey's post hoc test). Thus, not only did a larger fraction of visually responsive cells prefer the food cue in POR, but this bias was also reflected in the pooled population activity across POR neurons. Using the same analysis in naive, untrained mice, there was no bias to the 0 FC ( Figure S2C ; p > 0.05 for all comparisons to 0 , KruskalWallis). Despite the lack of an inherent bias to a given orientation in naive mice, we reproduced these FC bias findings in POR recordings from a separate cohort of mice (n = 3) trained with FCs at other orientations (135 or 270 ; Figure S4 ). As in human neuroimaging studies, these data suggest that mouse higher-order visual cortical areas, but not V1, show net population biases toward learned, motivationally relevant cues.
Importantly, the population response bias we observed in POR was evident shortly after stimulus onset, well before any licking occurred. Trials containing licking in the first 500 ms following, or in the 1 s prior to, cue onset were removed from all analyses (see Figure S3D ), and only activity up to 100 ms prior to the first lick was used to estimate the response on each trial. We reproduced these findings even when restricting analyses to data acquired up to 300 ms or 500 ms prior to the first lick on each trial ( Figure S3E ). Additionally, while the median latency to first lick was $1,800 ms after cue onset, a significant population bias to the FC emerged much earlier, $360 ms after cue onset (Figures S3E and S3F ; FC versus QC: p = 0.006; FC versus NC: p = 0.004; QC versus NC: p = 0.99). While we did observe a small number of visually responsive POR neurons whose activity also correlated, on a trial-by-trial basis, with licking behavior (see Figure 8 and Figure S7 ), a significant POR population response bias to the FC persisted following removal of these neurons from the analysis (FC versus QC: p = 0.02; FC versus NC: p = 0.001; QC versus NC: p = 0.99; data not shown).
The responses of primary sensory cortical neurons are known to be fairly stable across days in untrained (Mank et al., 2008) or trained (Chen et al., 2015; Poort et al., 2015) mice, while the excitability of hippocampal neurons varies substantially across days (Ziv et al., 2013 (legend continued on next page) across-day stability of representations in intervening regions such as POR, which is both a higher visual cortical area and an entry point into the hippocampal memory formation Amaral, 1998a, 1998b) . We monitored cue responses in the same V1 and POR neurons across many days and imaging sessions, allowing us to assay the stability of cue-evoked responses in trained mice. We reliably observed significant visual cue-evoked responses in the same single neurons across 2-10 sessions ( Figure 2G ). Neurons in both V1 and POR were reliably driven by the same preferred stimulus across days, and acrossday stability was similar across areas ( Figure S3B ; p = 0.188, V1 versus POR, Kruskal-Wallis).
We also quantified how stably POR and V1 populations reflected the salience of the FC in FR mice across sessions by calculating a response bias index ([response to one cue] / [sum of all cue responses]) for each imaging day in each FOV. We found that the visually responsive neurons in each FOV in POR, but not in V1, demonstrated a bias to the FC that was reliable across sessions and across mice ( Figure 2H ). Furthermore, in contrast to a previous study showing changes in the shape of visual response time courses across days during learning (Makino and Komiyama, 2015) , we found that, in well-trained mice, individual V1 and POR neurons showed response time courses of similar shape across days ( Figure S3C ; median across-day correlation coefficient > 0.95 in both V1 and POR).
Anatomical and Functional Mapping of Lateral Amygdala Axonal Inputs to POR
The lateral amygdala (LA) is important for stimulus-outcome associations and encoding the motivational salience of sensory cues, likely involving a dialog between neurons in rhinal association cortex and LA/BLA (LeDoux, 2003; Morrison and Salzman, 2010; Paz et al., 2006) . Interestingly, in rats and cats, LA neurons project to postrhinal and other lateral visual cortical areas, but not to early visual cortex (Krettek and Price, 1977; Pitkä nen et al., 2000) . We investigated this connectivity in mice using both anterograde and retrograde tracing techniques. Retrograde tracing, via injections of CTB-Alexa488 into POR, resulted in labeled somata in the amygdala, mostly confined to LA (Figure S5A) . Anterograde tracing using injection of AAV-DIO-synaptophysin-GFP into LA of vGlut2-ires-cre knockin mice (Vong et al., 2011) labeled glutamatergic axonal boutons in entorhinal, rhinal, and secondary sensory cortices, but not in primary sensory cortices ( Figure 3A ). In particular, dense labeling of amygdalo-cortical boutons was present in POR, but not V1. We further characterized feedback axons to POR (LA /POR ) by injecting AAV6-cre (which has pronounced retrograde transport) into POR and injecting AAV-DIO-ChR2-mCherry into LA ( Figure S5B ). This projection-specific mapping demonstrated dense collaterals of LA /POR projections throughout rhinal cortex, but relatively few collaterals in secondary sensory or entorhinal cortices ( Figure S5A ). Further, LA /POR axons showed high connectivity with POR neurons, as assessed using ChR2-assisted circuit mapping ( Figure 3B ). Functional, monosynaptic connections from LA /POR axons were confirmed in 12/12 layer 2/3 POR pyramidal neurons examined. Anterograde tracing also revealed direct projections from POR to LA and to BLA ( Figure S5C ). Together, these data suggest the possibility of a disynaptic excitatory loop in which POR neurons might synapse directly onto LA /POR projection neurons. We confirmed this hypothesis using projection-specific, trans-synaptic rabies tracing (Callaway and Luo, 2015) . Briefly, we expressed rabies glycoprotein (AAV8-CAG-FLEX-Rabies-G) and TVA-mCherry (AAV8-FLEX-TVA-mCherry) into LA neurons (Figure 3C1 and 3C4, . Four weeks later, we injected pseudotyped G-deleted rabies (SAD-DG-EnvA-GFP) into POR, leading to rabies infection of TVA+ LA /POR axons, trafficking to somata, monosynaptic retrograde transport to afferents of LA /POR neurons, and expression of GFP ( Figure 3C3 ). We found GFP+ afferents to LA /POR neurons in several subcortical regions that could provide information regarding the motivational relevance of sensory stimuli, including basolateral amygdala, basomedial amygdala, and sensory thalamus ( Figure S5D ). As hypothesized above, we also found GFP+ afferents to LA /POR neurons localized to POR and nearby regions ( Figure 3C4 ), demonstrating that LA /POR neurons receive direct input from POR neurons. These anatomical findings reveal that LA /POR neurons are part of a reciprocal loop, receiving visual information from POR and sending feedback to POR that may reflect the learned value of the visual cue. We observed some degree of selectivity in the cortical afferents to LA /POR , as rabies tracing of inputs to LA /POR neurons ( Figure 3C1 and 3C2) only labeled neurons in a subset of all cortical areas found to project to any glutamatergic LA neurons ( Figure 3D ). Furthermore, when we applied projection-specific rabies tracing to LA/BLA projections to lateral entorhinal cortex (LA
/LEnt
), we observed that cortical neurons projecting to LA /LEnt neurons were located, on average, more ventrally than those projecting to LA /POR neurons ( Figure 3E ). These data show that LA neurons projecting to different dorsal/ventral (C) Heatmap of single-trial cue-evoked response time courses (DF/F) from an example POR neuron, sorted by visual cue and by latency to first lick (blue ticks). Dark blue bar denotes duration of cue presentation. (D) Normalized auROC time courses (auROC: area under the receiver operating characteristic) for all significantly driven neurons recorded in V1 and POR. Neurons were sorted according to their preferred cue.
(E) Of all recorded cells, 27% in V1 and 33% in POR had a significant cue-evoked response (pie charts). Of these responsive neurons, a significant proportion preferred the FC versus the QC in POR, but not in V1. Error bars: 95% confidence intervals.
(F) By normalizing cellular tuning curves to the largest response and averaging across all responsive neurons, we observed a bias in the mean population response to the FC in POR, but not in V1. locations in lateral cortex receive stronger reciprocal input from cortical neurons in the same dorsal/ventral region. These findings regarding the specific afferents and the projection targets of glutamatergic LA /POR neurons, and their strong monosynaptic connectivity with pyramidal neurons in POR, suggest that LA /POR neurons could relay information to POR regarding the salience of motivationally relevant visual stimuli.
To test this hypothesis, we established methods for chronic calcium imaging of subcortical axonal inputs to cortex-specifically, of LA /POR axons-in behaving mice. We expressed GCaMP6f in excitatory neurons in LA and performed a cortical window implant and epifluorescence mapping of POR, followed by two-photon imaging in superficial layers of POR (LA /POR imaging in n = 4 mice, n = 317 axons, n = 3-12 sessions/FOV for a total of 33 imaging sessions; Figures 4A and 4B ). In contrast to previous axon imaging studies (Glickfeld et al., 2013; Petreanu et al., 2012) , we combined the signal from different boutons confirmed to be from the same axon (Nelson and Mooney, 2016) , as signals from these boutons were highly correlated.
As with cell bodies in V1 and POR, we observed cue-evoked activity in LA /POR axons prior to lick onset and to delivery of Ensure ( Figures 4C-4E ). We found that 13% (42/317) of all active LA axons recorded were driven by visual cues ( Figure 4F , pie chart) and that the majority of these axons were only responsive to one visual cue (Figures 4D and 4E Figure S3C ; V1 versus LA: p < 0.001, POR versus LA: p = 0.004; Kruskal-Wallis). POR neurons responded to cues in a manner similar to V1 neurons in some ways, and to LA /POR neurons in other ways. As described above, orientation tuning in POR of naive mice (Figure S2 ) was qualitatively similar to that previously observed in V1 (Niell and Stryker, 2008) . Additionally, response reliability and latency were similar across V1 and POR neurons (Figures S3B and S3C and S6A) , while LA /POR neurons generally had longer latencies (though short latency responses were observed in some neurons; Quirk et al., 1995) . In contrast, food cue response biases were observed in both POR and LA
/POR
, but not V1 of FR, trained mice ( Figures 2F and 4G ). Finally, in comparing the magnitude of cue-specific biases across all three areas, we found that LA /POR axons showed a larger bias to the FC than POR or V1 neurons ( Figure 4J ; V1 versus LA: p = 0.002, POR versus LA: p = 0.023, V1 versus POR: p = 0.24; Kruskal-Wallis). These data are consistent with a role for LA /POR axons in emergent, motivation-specific biasing of visual responses in POR.
State-Dependent Processing of Food Cues in POR and LA /POR Neurons
If the current needs of the mouse indeed determine the relative salience of the food cue, we reasoned that the observed FC response biases should be diminished in a sated state. We compared the responses of V1, POR, and LA /POR neurons in a FR state and a sated state during the same imaging session, prior to and following a 30-75 min meal in the absence of visual cues, during which mice licked to receive drops of Ensure until they rejected intake (after consuming $1-4 mL; Figure 5A ). In order to compare cue-evoked responses across states, sessions, neurons, and brain areas, we normalized cue-evoked responses of each visually responsive neuron to the average response during the initial imaging run in each session, in which mice were FR (state-normalized DF/F, Figures 5B and 5C ). In all three areas, we observed neurons that significantly modulated their FC response (C) Rabies-based retrograde tracing was used to characterize inputs to glutamatergic LA neurons and specifically to LA /POR neurons. TVA and rabies glycoprotein were selectively expressed in glutamatergic cells in LA (C1, top left), and G-deleted rabies virus was then injected into either LA (C1, middle and bottom left) or POR, causing LA /POR neurons to selectively be infected (C3 and C4, middle left and bottom left). Rabies-tracing (C2) of inputs to all glutamatergic LA neurons showed strong input from many areas in lateral cortex (C1, right). Projection-specific rabies tracing (C3-C4) of inputs specific to LA /POR neurons also revealed inputs from lateral cortex neurons. Many of these inputs appeared to be from rhinal cortices (C4, right), suggesting a disynaptic, reciprocal excitatory loop from POR to LA and back to POR.
(D) Using multi-synapse rabies tracing and whole-brain reconstruction and alignment methods, we confirmed that LA neurons that project to POR received input from a narrower band of neurons in cortex (purple discs), with the greatest density just above the rhinal fissure, in rhinal cortex. Rabies tracing of inputs to all glutamatergic LA neurons (C1-C2) demonstrated a larger number and broader distribution of cortical input neurons (gray discs), although the greatest density was still in rhinal cortex. (A) After food-restricted (FR) mice performed $400 trials of the Go/NoGo visual discrimination task, they were given free access to Ensure (while still head-fixed). Once mice were sated, they received $400 additional trials (sated hit rate < 25%; Figure S1B) . In ''sham-satiation'' sessions, a similar $45 min period of time elapsed between early and late sets of trials, during which no Ensure was delivered ( Figure S1A Figure 5D ; V1 versus POR: p = 0.023; V1 versus LA: p = 0.0002; POR versus LA: p = 0.332; Kruskal-Wallis), while this was not the case for QC or NC responses ( Figure 5E ; p > 0.05, KruskalWallis). To control for changes in activity over time during the imaging session, we performed the same protocol, but without providing access to Ensure in the period between FR and ''sham-satiation'' runs ( Figure S1A ). During ''sham-satiation'' sessions, behavioral performance in late runs was remarkably similar to performance in early runs ( Figure S1B ), which was also reflected in a low response modulation index (comparing early runs with late runs) that was similar in POR, LA, and V1 ( Figure 5E ; p > 0.05 for all pairwise comparisons across areas, for all three cues, Kruskal-Wallis).
These findings led us to ask whether the population bias toward food cues, observed in POR and LA /POR axons in FR mice ( Figures 2F and 4G ), was ''hard-wired'' in these well-trained mice, or whether the bias was specific to the FR state. Interestingly, while there was a response bias to the FC in POR and LA /POR in the sham-satiation condition (POR: FC versus QC: p = 0.011, FC versus NC: p = 0.002; LA: FC versus QC: p = 0.027, FC versus NC: p = 0.31; two-way ANOVA with Tukey's post hoc test), we found that a FC bias was no longer evident in sated mice ( Figure 5G , p > 0.05 across all areas, two-way ANOVA). A quantification of bias across areas and states revealed that, similar to human neuroimaging studies, visual response biases were both hunger-state dependent and foodcue specific ( Figures 5F and 5G ). Thus, mice exhibited both area-and hunger-dependent biases in the average population response to food cues versus non-food cues. These data establish that population responses, when averaged across trials, show hunger-dependent biases toward food cues, as in bulk neuroimaging studies in humans. We next asked whether the motivational effects observed in our cellular ensemble recordings across dozens of neurons were robust enough to reliably reflect the influence of hunger state at the more behaviorally relevant timescale of single trials (de Araujo et al., 2006; Pagan et al., 2013) . To this end, we considered the ability of an ideal observer to deduce, from consideration of FC responses across the entire sample of simultaneously recorded neurons, whether a given FC trial was recorded during a FR or a sated state. As a control for possible changes in sensory response adaptation, fatigue, and/or slight changes in the imaging plane sectioning of a given cell across hours, we compared single-trial ensemble decoding of FR versus sated trials with decoding of FR versus sham-satiation trials ( Figures 6A-6C ). Using ensemble responses of POR neurons, we found that a simple linear classifier was twice as accurate at discriminating FR from sated trials as it was at discriminating FR from sham-satiation trials ( Figure 6A ; 30% versus 15% greater accuracy than chance at 2 s post FC onset). Similar effects were observed in LA /POR axon ensemble recordings ( Figure 6C ; 17% versus 6% above chance at 2 s post FC onset). By contrast, when ensembles of V1 recordings were used, the classifier also performed above chance, but did not show improved accuracy discriminating FR versus sated trials as compared to FR versus sham-satiation trials (24% versus 18% above chance). While sham-satiation was a useful control for complete satiation, it is nevertheless surprising that sham-satiation was at all distinguishable from the FR state, given the similar behavioral performance in these two states ( Figure S1B ). This finding could be due to partial satiation from consumption of Ensure earned during earlier task performance (mice performing the Go/NoGo task during the sham-satiation condition received $0.6 mL of Ensure during the initial FR run). These data also revealed information regarding hunger state was already present in POR and LA /POR ensemble responses as early as 200 ms after the FC onset (Figures 6B and 6C) . Taken together, these analyses of ensemble activity suggest that information about hunger state might be present at the population level even within V1, but that POR and LA /POR ensembles are relatively more sensitive to changes in hunger state, consistent with distinct afferent inputs to these areas. By contrast, when a similar analysis was used to distinguish which of two non-rewarded visual cues (QC or NC) was presented on a given trial, the linear classifier accuracy was high in both V1 and POR ( Figure 6D ; V1: 34% above chance; POR: 34% above chance), but was at chance levels using data across LA /POR axons (likely due to the paucity of LA /POR axons responding to the QC or the NC, Figure 4F ).
Trial-to-Trial Variability and the Effects of Trial History
One factor that can affect population decoding across areas is trial-to-trial response variability, potentially reflecting non-sensory influences on sensory responses (Nienborg et al., 2012) .
To investigate trial-to-trial variability of neurons, we calculated the Fano factor (trial-to-trial variance divided by mean response). LA /POR axons ( Figure 7A ) showed significantly higher trial-totrial variability than POR neurons ( Figure 7A ), which in turn showed significantly higher variability than V1 neurons (Figure 7A ; V1 versus POR: p < 0.001; V1 versus LA: p < 0.001; POR versus LA: p < 0.001; Kruskal-Wallis). Previous studies showed a similar increase in trial-to-trial response variability from retina to visual thalamus to V1 (Kara et al., 2000) . We hypothesized that the high trial-to-trial variability of responses in POR and LA /POR neurons may be partially explained by trial history-specifically, whether a FC stimulus was preceded by another FC (> 85% of FCs led to reward delivery in FR mice) or by a QC or NC. For all FC-preferring cells in all areas, we assayed how the magnitude of a FC response differed when preceded by a FC, versus by one or more non-FCs (R FC/FC and R nonFC/FC , respectively; ''R FC '': FC response; Figure 7B ). We found individual example neurons for which the FC response was more than 2-fold larger in those trials preceded by nonFCs than by a FC ( Figure 7B )-a level of modulation on par with effects of manipulating hunger state. We quantified how previous trial history modulated FC responses across areas, using a trial history modulation index (positive value: R nonFC/FC > R FC/FC , negative value: R nonFC/FC < R FC/FC ). In all three areas, we found neurons that were significantly modulated by previous trial history, as compared to shuffled controls ( Figure 7C ; V1: 10%; POR: 26%; LA: 23%). Cumulative distributions of trial history modulation index magnitudes across neurons in each area revealed that V1 neurons were substantially less affected by trial history than POR and LA /POR neurons ( Figure 7D ; V1 Non-visual, Task-Modulated Activity across Areas Our data suggest that POR neurons contain information regarding the identity and value of cues. We next asked whether delivery of the reward is also represented in the activity of V1, POR, and LA /POR neurons. To isolate non-visually evoked, task-related responses, we exploited the trial-to-trial variability in the onset of lick responses to train a general linear model (GLM; Hartmann et al., 2011; Pinto and Dan, 2015) to estimate lick-, reward-, and false alarm-related changes in neuronal activity. In all areas, we found examples of non-visually responsive cells that increased their activity only at the time of Ensure delivery ( Figure 8A , LA /POR axon) or at the onset of licking (Fig- ure 8B, V1 cell body). Because we designed our experiments to guarantee (1) accurate and consistent behavioral performance, (2) delayed reaction times, and (3) immediate lick-triggered Ensure delivery during the reward window ( Figure 1D ), we could not definitively ascribe task-related responses of neurons to licking versus lick-induced outcomes. Thus, we classified taskrelated neurons as belonging to one of three categories: ''Lickreward,'' ''Lick-false alarm, . We found that a larger fraction of LA /POR axons were categorized as Lick-reward as compared to POR or V1 neurons ( Figure 7D , p < 0.05, Tukey's HSD; see also Figure S7D ). This demonstrates that LA /POR feedback axons contain information about food reward delivery in addition to information about the motivational salience of food cues (Namburi et al., 2015) . We also observed a subset of neurons in each area that were significantly suppressed by presentation of visual cues. Previous studies have shown that spontaneous firing rates in awake rodent visual cortex and LA are low (0.1-1 Hz; Niell and Stryker, 2008; Sangha et al., 2013) . To reduce the contribution of floor effects (i.e., lack of pre-cue activity) in the evaluation of significant cue-induced suppression, we only evaluated those cells with high and variable pre-stimulus activity (Figures S8A and S8B) . Unlike visually excited neurons, most visually suppressed neurons responded to all three visual cues, similar to ''suppressed-by-contrast'' cells frequently described in retina (Figure S8C ; Mastronarde, 1985) , thalamus (Piscopo et al., 2013) , and V1 (Niell and Stryker, 2008) . Further, this small sample of neurons did not appear to demonstrate pronounced biases to the FC or hunger-dependent FC response modulation ( Figures  S8E and S8F) .
DISCUSSION
Using chronic two-photon calcium imaging of populations of layer 2/3 cortical neurons, we found a visual response bias to motivationally salient learned food cues in POR, but not in V1. Strikingly, this food cue bias was abolished by satiation. Using a combination of circuit mapping techniques, we identified reciprocal monosynaptic connectivity between POR neurons and glutamatergic feedback projections to POR from lateral amygdala (LA /POR ), an area implicated in updating the value of sensory cues. Long-term recordings of activity in visually driven LA /POR axons revealed hunger-dependent food cue biases that were larger than in POR or V1. Further, the recent history of reward and reward-predicting cues had an increasingly strong impact on food cue responses in V1, POR, and LA /POR neurons. Our findings of cue-, state-, and brain area-dependent enhancement of neuronal responses to salient food cues in a genetically accessible model system set the stage for chronic physiological recordings and pathway-specific silencing experiments that should enrich our understanding of subcortical inputs in guiding selective cortical processing of motivationally relevant cues.
Activity in Postrhinal Cortex Reflects Both Stimulus
Identity and Value POR in rodents has received little attention, and its response properties have not been previously characterized using cellular imaging. Our anatomical connectivity findings ( Figure 3 ) and others' studies (Burwell and Amaral, 1998a; Wang et al., 2012) suggest that POR plays a key role as a gateway between many well-studied neural networks, including the hippocampal formation, early visual cortex, and the amygdala. As such, POR is likely to reflect and integrate aspects of each network. For example, POR likely serves as a relay of visual object information to hippocampus, as lesion studies have implicated POR in object recognition, object learning, and object-directed orienting (Bussey et al., 2003; Davies et al., 2007; Gastelum et al., 2012) . The few physiology studies that have recorded from identified POR (Burwell and Hafeman, 2003; Furtak et al., 2012) or nearby lateral cortical areas in rats (Vermaercke et al., 2014) are consistent with this notion. For example, LFP recordings during a visual object discrimination task show that POR activity contains information regarding both object identity and location (Furtak et al., 2012) .
We found that POR also demonstrated several features of visual cortical areas such as retinotopic organization (which allowed reliable recordings from precisely the same area across mice). We found reliable, short-latency visual responses in POR neurons in naive, awake mice ( Figure S2 ) that were often sharply tuned to stimulus orientation, consistent with direct input from early visual areas (Wang and Burkhalter, 2007; Wang et al., 2012 ) that contain sharply orientation-tuned neurons (Niell and Stryker, 2008) .
In addition, consistent with previous findings in primate rhinal cortex (Liu et al., 2000) , our data also demonstrate that POR neurons encode stimulus value, given their hunger-dependent bias toward food cues and sensitivity to trial history. It is possible that these effects could arise from inputs from early sensory cortical neurons, which can reflect aspects of stimulus value and reward (Fritz et al., 2003; Komiyama et al., 2010) . For example, studies of V1 have shown evidence of response changes with learning (Makino and Komiyama, 2015; Poort et al., 2015) and the presence of reward timing (Shuler and Bear, 2006) . We observed that while trial history had a weak influence on a subset of V1 neurons, effects in POR were more pronounced. Furthermore, using a linear classifier to analyze ensemble neuronal activity in single trials, we identified differences in population coding across FR and sated states in V1, but here, again, the influence of state was greater in POR than V1. These data suggest that hunger state information may be more linearly separable in rhinal cortex than in earlier visual cortex (Pagan et al., 2013) . It will be important, in future studies, to specifically silence sensory and/or reward-related inputs to POR in order to characterize how POR integrates information about stimulus identity and stimulus value. Similarly, investigation of POR projections to other visual areas could provide insights on the role of feedback in value-based responses in early visual cortex.
The POR response bias we observed toward a motivationally salient learned visual food cue was not present in POR of naive mice or in trained mice in the sated state ( Figure S2D ). Because average population responses in V1 did not exhibit the same bias or sensitivity to hunger state, our findings in POR are unlikely to be explained by ''bottom-up'' inputs (Figure 2 ) or cortex-wide neuromodulatory inputs related to global arousal. Instead, we suggest that the FC bias may be due to a learned, state-dependent source of top-down feedback that is engaged following learning (Atiani et al., 2014; Makino and Komiyama, 2015) . While elements of this circuit may generalize to other cortical areas and modalities, the direct inputs to POR from LA and other subcortical brain regions make POR a natural locus for integration of information regarding stimulus identity and value. Future studies could reverse cue outcome associations to dissociate the neural representations of stimulus identity and value.
Amygdalo-Cortical Projections Relay Information about State-Dependent Object Salience We identified a spatially localized, disynaptic reciprocal excitatory loop between POR and LA based on monosynaptic rabies tracing, together with other circuit mapping techniques. This provides an anatomical substrate by which POR (and other rhinal and entorhinal areas) might ''ping'' (Klavir et al., 2013) (Klavir et al., 2013) , prelimbic, and infralimbic cortex (Little and Carter, 2013) may also reveal similar reciprocal disynaptic connectivity and function. Many studies have demonstrated a role for the LA/BLA in learning the value of visual stimuli (Morrison and Salzman, 2010) and the importance of direct LA/BLA projections to cortex in learning cue-outcome associations (Sparta et al., 2014) . While we did not directly investigate the circuit mechanisms by which POR develops a biased representation of specific cues during learning, it is possible that the LA feedback to POR is important during this process. An intact amygdala is essential for updating the value of cues following changes in external cue-reward associations (Morrison and Salzman, 2010) . By contrast, our experiments show that, in situations where the cue-reward association is fixed, LA is likely involved in continuous adjustment of the effective value of specific learned cues based on factors such as hunger state, similar to the known role of BLA in reinforcer devaluation via selective satiation with a particular reward (Johnson et al., 2009) . Indeed, several studies of the functional connectivity between BLA and more anterior (gustatory) temporal cortex suggest a key role for BLA in relaying value information to cortical representations of tastants and learned, taste-predicting auditory cues in water-restricted rats (Fontanini et al., 2009; Samuelsen et al., 2012) . The effects of motivational state on LA /POR activity may arise from inputs from a variety of areas, including BLA neurons ( Figure S5D ) and ventral tegmental area dopaminergic neurons, which are themselves sensitive to hunger state (Aitken et al., 2016) and trial history (Hamid et al., 2016) .
A Mouse Model for Motivation-Dependent Processing of Relevant Sensory Cues
A large number of human fMRI studies found enhanced neural processing of food cues in hungry versus sated states in temporal lobe areas and amygdala, but not visual cortex. Further, as compared to healthy subjects, individuals with eating disorders, obesity, or elevated propensity for weight gain showed less of a drop in food cue responses in sated versus hungry states (Huerta et al., 2014; Sun et al., 2015) . These studies report average activity across many neurons. By contrast, the technical challenges in single-neuron electrophysiological recordings across slowly changing motivational states and across sessions in animal models have impeded our understanding of the circuits that underlie this form of motivation-dependent sensory processing. Long-term two-photon calcium imaging of populations of neurons in behaving mice provides a platform for monitoring the sensory and cognitive effects of slow changes in motivation, with high yield and single-trial sensitivity. Strikingly, when averaged across neurons within each area, our data are consistent with human neuroimaging studies, which consistently report hungerdependent food cue biases in association cortex, but not in V1. Nevertheless, we find that responses of a small subset of individual neurons in V1 can be modulated up or down by hunger state, and that information about hunger state does exist at the level of ensembles of V1 neurons. While we focused on the effects of hunger and satiety on neuronal responses to food cues, the circuit described here could exhibit response biases to relevant cues across a host of other motivational drive states. Thus, our work provides a much-needed bridge (Badre et al., 2015) between the many basic and clinical studies of visual food cue processing in humans and a similar paradigm that provides cellular resolution in a genetically accessible model organism.
In conclusion, our findings suggest that individual mouse POR and LA neurons integrate information about stimulus identity and hunger state. In the future, our paradigm could be expanded to investigate selective processing across multiple motivations. For example, responses from the same POR and LA neurons to both food and water cues could be tracked across sessions during food or water restriction and during artificial induction of hunger-and thirst-like states via optogenetic manipulations of discrete hypothalamic populations (Aponte et al., 2011; Oka et al., 2015) . Manipulating multiple motivational states during chronic monitoring of identified cortical neurons and subcortical inputs to cortex in a genetically accessible model system should enable the dissection of motivationspecific selective attention and the circuits that underlie this phenomenon.
EXPERIMENTAL PROCEDURES
All animal care and experimental procedures were approved by the Beth Israel Deaconess Medical Center Institutional Animal Care and Use Committee. Animals were housed with standard mouse chow and water provided ad libitum, unless specified otherwise. Mice used for in vivo two-photon imaging (n = 15 male C57BL/6 mice, n = 4 male EMX-cre mice, age at surgery: 9-15 weeks) were instrumented with a headpost and a 3 mm cranial window, centered over either primary visual cortex or lateral cortex including postrhinal cortex. For additional details, see Supplemental Experimental Procedures. 
